Malignant cells harbor mechanisms which allow escape from drug-induced apoptosis, and the drug-resistance phenotype can be significantly associated with resistance to programmed cell death. There is accumulating evidence that mitochondria play a role in the tumorigenic phenotype, including the relative resistance to apoptosis. Whether changes at the mitochondrial level per se, would impact on the relative sensitivity of malignant cells to undergo druginduced apoptosis, is not know. Accordingly, we determined if depleting mitochondrial DNA (mtDNA) would change the susceptibility of U937 cells to undergo apoptosis. With depletion, increases in sensitivity to cis-diamminedichoroplatinum (cisplatin)-induced apoptosis was observed. This sensitivity could be reverted to the parental phenotype by transforming the depleted cells with normal platelet mitochondria. mRNA expression of BAX, BCL2, MDR1, MRP, ERCC1 and ERCC2, putatively associated with cisplatin resistance to apoptotic death was unchanged. Inhibition of mitochondrial ATP production by oligomycin did not result in a change in ATP levels, indicating energetics were not playing a role in the observed phenotype changes. All U937 cells (with/without mtDNA) continued to respond to cisplatin by an apoptotic death. MtDNA-encoded molecules may be playing a role in the relative sensitivity of cells to undergo a cisplatin-induced apoptotic death, but may not be required for cells to undergo apoptosis per se.
Introduction
The resistance of malignant cells to undergo cellular death induced by chemotherapeutic agents is a major problem in the treatment of cancer. While many if not most cytotoxic agents induce apoptosis in malignant cells, tumors harbor mechanisms which allow escape from such cellular death; this can include overexpression of drug resistance genes (e.g. MDR1, MRP), as well as changes in downstream events in the apoptotic pathway (e.g. expression changes of BCL2, BAX) (Hannun, 1997) . Recent studies have revealed that the drugresistance phenotype can be significantly associated with resistance to apoptosis, induced either by drugs or by physiologic stimuli (viz. Fas) (Landowski et al, 1997; Friesen et al, 1996) . Hence, it has been postulated that as tumors develop mechanisms of drug resistance, they also develop mechanisms which allow resistance to apoptosis in general (Hannun, 1997; Landowski et al, 1997) . As a result, understanding the mechanisms which underlie drug-induced apoptosis, and increasing the malignant cell sensitivity to such processes, is an important goal in treating cancer.
Apoptosis has been noted to occur without the requirement of cell nuclei nor DNA fragmentation, and non-nuclear cytoplasmic structures are thought to participate in its control (Jacobson et al, 1994; Schulze-Osthoff et al, 1994) . Alterations in mitochondrial structure and function occur early during apoptosis, before nuclear or chromatin structures are affected Petit et al, 1995; Cossarizza et al, 1995; Castedo et al, 1995; Kroemer et al, 1995) , suggesting mitochondria may play a pivotal role in the process. Early findings include reduction in the mitochondrial transmembrane potential (DCm), effected by opening of permeability transition pores; this has been found to be capable of inducing the nuclear changes observed in apoptosis, via release of a pre-apoptotic (`mitochondrial associated') factor (Marchetti et al, 1996a) . Recent studies suggest this protein is coded by nuclear genes, and harbored within the mitochondria, since mitochondria from transcriptionally inactive cells both with and without mitochondrial DNA (mtDNA), can induce apoptosis in isolated nuclei (Marchetti et al, 1996b) . In distinct contrast, there are also recent reports of non-DCmdependent apoptosis associated with release of cytochrome c from the mitochondrial intermembrane space (Yang et al, 1997; Kluck et al, 1997) . Finally, there are recent studies that indicate, in small chain fatty acid induced apoptosis, that mitochondria play a role in cell cycle arrest and initiation (but not the process) of apoptosis (Heerdt et al, 1997) . Whether changes at the mitochondrial level per se would impact on the relative sensitivity of a malignant cell to undergo drug-induced apoptosis, is not know.
As a result, we sought to determine if removing mitochondrial DNA (mtDNA) would change the suscept-ibility of U937 lymphoma cells to undergo apoptosis. Specifically, our goal was to determine if manipulations of mtDNA would effect changes in sensitivity to cisdiamminedichloroplatinum (cisplatin)-induced apoptosis. We report here that depletion of mtDNA is associated with increases in sensitivity to cisplatin-induced apoptosis in U937 cells, when compared to parental controls with mtDNA present. Such increased sensitivity could be reverted to the parental phenotype by transforming the mtDNA-depleted cells with normal platelet mitochondria. No changes were noted in the mRNA expression of BAX, BCL2, MDR1, MRP, ERCC1 nor ERCC2, which has been associated with resistance to cisplatin-induced death. Inhibition of mitochondrial ATP production by oligomycin did not result in a change in ATP levels in any of the cells, indicating energetic functions were not playing a role in the observed phenotype. All U937 cells continued to respond to cisplatin by an apoptotic death, regardless of the presence or absence of mtDNA. MtDNA-encoded molecules may therefore be playing a role in the relative sensitivity of cells to undergo a cisplatin-induced apoptotic death, but may not be required for cells to undergo apoptosis per se.
Results
Creation and characterization of cells mtDNA levels and auxotrophic dependence To assess the contribution of mtDNA to the phenotype of relative apoptosis resistance, U937 cells (`rho+') were exposed to long-term to ethidium bromide (EtBr), to deplete mtDNA (`rho(7)'). The characterization of these cells included both determination of uridine and pyruvate auxotrophy, as well as direct measurement of mtDNA levels. The results of these evaluations are seen in Figure 1 . After U937 cells were exposed to EtBr for 30 population doublings, cells were placed into either uridine/pyruvate supplemented or unsupplemented medium. In the supplemented medium, cells continued to grow; however, in the unsupplemented medium, the EtBr treated cells did not further divide, and underwent progressive loss of cell viability over 6 days. The mechanism of cellular death included chromatin condensation, indicating the cells died an apoptotic death (Richter et al, 1996) (Figure 1a ), which we have noted in other rho(7) cell types (Cavalli et al, 1997) . Non-treated cells remained viable with removal of these supplements. When cells treated as such were assessed for mtDNA levels, less than 1% of the hybridization signal was noted when comparing the de novo cells with the EtBr treated ones ( Figure 1b , Table 1 ). Based on the auxotrophic dependence of these cells to uridine/pyruvate, and that little mtDNA was noted by dot blot hybridization, these cells were considered rho(7) (viz. mtDNA depleted) when used in subsequent experiments.
Cybrids To determine the relative contribution of the mtDNA to changes in phenotype of the rho(7) cells, cybrids were constructed from these rho(7) cells using normal platelet transformation (Cavalli et al, 1997) . Platelet mediated transformation was used, rather than enucleation and fusion of de novo rho+ U937 cells, since we wished to avoid transferring other malignant cytoplasmic components of the tumor cells into the rho(7) cells, which could potentially in¯uence the drug-induced apoptosis resistant phenotype. Cybrids had similar mtDNA levels to rho+ cells, and were not auxotrophically dependent (Figure 1b , Table Figure 1 Auxotrophic dependence and mitochondrial DNA levels in U937 cells. (A) Acridine orange/ethidium bromide staining of U937 rho(7) cells after withdrawal of uridine and pyruvate. Mitochondrial DNA-less U937 cells (rho(7)) were created by exposing U937 cells (rho+) to ethidium bromide. Cells were isolated after withdrawal of uridine and pyruvate supplements, and stained with acridine orange and ethidium bromide to determine the viability and/or type of cell death. Cells without an active respiratory chain are auxotrophic to uridine and pyruvate, and such auxotrophy is a senstive test for mitochondrial DNA depletion. Note areas of chromatin condensation (arrows) in the rho(7) cells indicative of apoptosis. rho+ and cybrid cells remained viable in uridine and pyruvate-free medium revealing no chromatin condensation, indicating lack of auxotrophic dependence. (B) DNA dot blot. 1 mg of DNA from rho+, rho(7) and cybrid cells was dot blotted onto a nylon membrane, and hybridized with mitochondrial DNA sequence. Note increased hybridization of the rho+ when compared to rho(7) cells; less than 1% of the mitochondrial hybridization signal was noted comparing rho(7) to rho+ cells, after being normalized to a b-actin control. Cybrids showed similar levels of mitochondrial DNA sequence to the rho+ control. Correlate with c Normalized to bactin control and expressed as fold-difference (increase) compared to peripheral blood lymphocytes.
d Reverse northern analysis; densitometry levels expressed in relative units, normalized to a b-actin control; n=3 1). To con®rm the cybrids truly represented a parent nuclear background with mitochondria from the platelet donor, two experiments were performed. A polymorphic marker (D10S591) was used which was found to be different from the U937 cells and the donor nuclear DNA, with PCR showing that the cybrids and rho+ cells were similar, and distinctly different from the donor (Figure 2 ). For mitochondrial identity, we took advantage of a polymorphism in the noncoding region of mtDNA present in the donor but not in the U937 cells; at position 44, there is a guanine which replaces a cytosine, which creates a TaqI site (Figure 2 ). The cybrids show digestion of the PCR product from position 1546 to 705 on the Southern analysis of the partial TaqI digest, not present in the rho+ cells. Hence, cybrids represented parental nuclear background with donor mitochondria.
Analysis of drug resistance and apoptosis genes
To characterize the U937 lymphoma cells [rho+, rho (7), cybrid] assessment of the mRNA levels of the apoptosis genes BAX and BCL2, as well as drug resistance genes MDR1 and MRP were performed. In addition, changes in mRNA levels of ERCC1 and ERCC2 were determined, since these genes may be involved in apoptosis resistance to cisplatin in other tumor types (18, 19) . Table 1 shows the results of the reverse northern evaluation, expressed as densitometric measurement normalized to a b-actin hybridization. Although there were relative differences in the expression of the different genes evaluated, no changes in mRNA expression were noted of the apoptosis genes BAX and BCL2, which have been correlated to changes in sensitivity to drug-induced apoptosis (Hannun, 1997) . Similarly, the drug-resistance genes MDR1 and MRP did not show significant differences in expression when comparing the rho+, rho (7) and cybrid cells. The DNA repair genes ERCC1 and ERCC2, which have been reported to have mRNA overexpression in ovarian carcinoma tissues of cisplatin resistant patients, were not found to be different in the rho+, rho(7) or cybrid cell populations. Thus, depletion of the mtDNA from the rho+ cells, and creation of cybrids, did not affect mRNA expression of the apoptosis-related, multidrugresistant, or nucleotide-excision repair genes.
Drug Sensitivity of U937 rho+, rho (7) and cybrid cells
The U937 cells were then evaluated for response to cisplatin. Figure 3 shows the results of a cisplatin dose response (1 h exposure), of the rho+, rho (7), and cybrid U937 cells. rho (7) cells were substantially more sensitive to the apoptotic effects of cisplatin exposure than were the rho+ cells from which they were derived. Indeed, these rho(7) cells were about twice as sensitive as the rho+ cells to the effects of cisplatin, with an LD 50 of 35 mM (Table 1) . Indeed, the LD 50 of the rho+ U937 cells was 63 mM and doses of cisplatin above 10 mM were significantly different between the rho+ and rho (7) 
cells (P50.01, Student t-test).
Cybrid cells derived from the rho(7) cells were then evaluated for response to cisplatin. The cybrids exhibited a similar response to cisplatin exposure as the rho+ cells. 32 P-labelled polymorphic marker D10S591 was used to distinguish the mitochondrial donor nuclear DNA from the tumor DNA by PCR. Note similarity of the rho+ pattern with the cybrid, while the donor is distinctly different, indicating the nuclear background of the cybrids is from the rho+ cells. Southern analysis of a partial TaqI digest of PCR product corresponding to positions 15746 to 705, hybridized with a mitochondrial probe of the same sequence. The mitochondrial donor has a polymorphism at position 44 in the mitochondrial genome, resulting in the creation of a TaqI site, with fragments of 868 and 661 bases after digestion. The rho+ cells do not harbor this polymorphism, and are not digested by TaqI. In contrast, the cybrids show digestion of the PCR product, similar to the donor, indicating the source of mitochondria is from the donor Figure 3 Sensitivity of U937 cells to cisplatin-induced apoptosis. rho+, rho(7) and cybrid cells were exposed to cisplatin at progressively higher concentrations. rho(7) cells were much more sensitive to the effects of cisplatin than the parental cells, with an LD 50 of 35 mM compared with the rho+ cells (LD 50 63 mM, P50.01, Student t-test). When mitochondria were returned to the rho(7) cells, the dose response returned to that of the parental rho+ cells (LD 50 58 mM, P40.10, Student t-test, compared to the rho+ cells). Positive error is shown for the rho+ cells, negative error for the cybrids, and both errors for the rho(7) cells. * Indicate significant differences of the rho+ cells vs the rho(7) cells (P50.01, Student t-test) Indeed, no difference was noted at any dose evaluated between the rho+ U937 cells, and the cybrids constructed from the rho(7) cells and normal platelet mitochondria. The cisplatin LD 50 of the cybrids was 58 mM, which was not different from the rho+ cells (P40.10, Student t-test) but significantly different from the U937 rho(7) cells (P50.01, Student t-test) ( Table 1) . Of interest was the finding that the mtDNA levels of the rho+ and cybrid cells were similar, i.e., cybrids achieved similar mtDNA levels as the rho+ cells. This would suggest that there are influences in the rho+ and cybrid tumor cells which allow increased levels of mtDNA to exist compared to normal tissue.
Cisplatin-induced apoptotic death in rho+, rho (7) and cybrid cells
The mitochondria can be an active participant in cisplatininduced apoptosis (Hannun, 1997) , which is either mitochondrial membrane potential dependent (Marchetti et al, 1996a,b) or independent (Yang et al, 1997; Kluck et al, 1997) . As the rho(7) cells were more sensitive to cytotoxic chemotherapy, we assessed whether cell death induced by cisplatin continued to be apoptotic in type or if there had been a change (to necrosis) when compared to the de novo (rho+) cells with mitochondria present. In addition, this would reveal whether mtDNA per se was required for cisplatin-induced apoptosis, or whether the organelle was involved only in events leading up to drug-induced programmed cell death. Cybrids were also assessed for the type of cellular death in response to cisplatin. Figure 4 shows the percentage of dead cells which revealed apoptotic changes; virtually all dead cells evaluated after treatment with the LD 50 concentration of cisplatin, whether rho+, rho(7) or cybrid, exhibited signs of apoptosis. No differences were detected between any of the groups (rho+, rho(7), cybrid) with regard to relative percentages of apoptotic (vs. necrotic) cells after cisplatin treatment (P40.10, Student t-test). In Figure 4 , note chromatin condensation after acridine orange and EtBr staining in the rho+, rho(7) and cybrid cells, and characteristic ladder formation of DNA from the cisplatin treated cells separated in a 1% agarose gel. These results were noted regardless of the cisplatin concentration utilized. Hence, removal of mtDNA did not prevent an apoptotic death with exposure to cisplatin, suggesting mitochondrially related molecules are not required for the induction of apoptosis (but may be related to events relevant to sensitivity to apoptosis).
Effects of inhibition of ATP production by mitochondria
To determine whether changes in mitochondrially derived ATP levels were accounting for the increases in sensitivity to cisplatin-induced apoptosis in the rho(7) cells, the rho+, rho(7), and cybrid cells were treated with oligomycin, to Figure 5 . Treatment with oligomycin (12 mM) did not alter the ATP levels in U937 rho+ cells. When compared to untreated rho+ cells, no differences were noted in the amount of ATP present in the rho+, rho(7), nor cybrid cells, with oligomycin treatment. This is in accordance to early reports that tumor cells utilize glycolysis for ATP generation in preference to mitochondrially mediated oxidative phosphorylation (Warburg et al, 1926) , and our findings that cells continued to die an apoptotic death without mitochondria (previous section), since ATP is required for programmed cell death (Eguchi et al, 1997) . As the concentration of oligomycin essentially halts any mitochondrial ATP production (Eguchi et al, 1997) , and that no differences were noted of the relative ATP levels, these cells (rho+, rho(7), cybrids) must be utilizing glycolysis for the majority of ATP production. Hence, mitochondrial energy production per se (or lack thereof) is not responsible for the current observations.
Discussion
Prevention of apoptosis has been implicated in relative resistance of neoplastic cells to cytotoxic agents (Miyashita and Lim, 1996; Decaudin et al, 1997) . Accumulating evidence has suggested that mtDNA may be involved in resistance to cisplatin-induced apoptosis. The current study directly implicates the mtDNA-encoded molecules as a particularly relevant participant in sensitivity to drug (cisplatin)-induced apoptosis and reveals such molecules can participate in events leading to, but may not be strictly required for, apoptotic death. This is in agreement with studies in colon carcinoma cell lines induced to apoptosis by small chain fatty acids (butyrate) (Heerdt et al, 1997) , as well as our previous studies in brain and breast cancer cells (Cavalli et al, 1997) , and studies performed in immortal fibroblasts (Jacobson et al, 1993) , noting that the cells continued to show apoptotic changes despite the absence of active mitochondria. As well, other evidence suggests mtDNAencoded molecules are related to the resistance to cisplatininduced apoptosis: Ara et al. (1994) found increases in mitochondrial cytochrome-c-oxidase in diverse resistant cancer cell lines when compared to sensitive parental cells, and speculated cisplatin resistant cells had mitochondrial alterations which were related to the resistant phenotype; Andrews and Albright (1992) have noted hyperpolarization of the mitochondrial membrane potential in cisplatin resistant ovarian carcinoma cells; this is particular intriguing, given the findings that the apoptotic cascade involves the loss of mitochondrial membrane potential as an early event (Marchetti et al, 1996a) , followed by later apoptotic alterations such as generation of reactive oxygen species and DNA fragmentation (Deckwerth and Johnson, 1993) . Indeed, Decaudin et al. (1997) have observed disruption of the mitochondrial membrane potential is an obligatory step of early apoptosis, although recent studies have also suggested mitochondrial involvement in apoptosis may be mitochondrial membrane potential independent (Yang et al, 1997; Kluck et al, 1997) . Hence, in total, these data indicate a mitochondrial role in cisplatin-induced apoptotic death, with increases in sensitivity associated with depletion of mtDNA.
In contrast, other studies in colonic carcinoma, have found that increases in mitochondrial function are required for cells to undergo apoptosis (Heerdt et al, 1997) , and steady-state mitochondrial mRNA levels are diminished in flat mucosa of patients susceptible for developing colon cancer (Heerdt et al, 1996) . This may be related to tissue specificity, as well as the relative stage at which tumor cells are examined. Indeed, we have observed that in an ethylnitrosourea induced astrocytoma model, mitochondrial mass and DCm are decreased ontologically early, and gradually increase as cells progress from an immortal phenotype to a tumorigenic one (unpublished observations). However, mtDNA seems to increase early, and be maintained through the most malignant astrocytoma, the glioblastoma multiforme (Liang and Hays, 1996) . Hence, the observed changes in mitochondria, mtDNA (and mRNA expression), and DCm may be dependent on the developmental stage of the neoplastic tissue evaluated. As well, the apoptotic stimuli in these aforementioned studies of colon carcinoma included differentiation agents, rather than cytotoxic agents as used in this report. Indeed, recent studies have shown the mitochondria to be involved in several pathways culminating in apoptosis, differing in the induction of MACH1/FLICE protease and inhibition by BCL2 (Susin et al, 1997) . Of interest is that both our study, and the colon carcinoma studies by Heerdt (1996 Heerdt ( , 1997 , mitochondria seem important in events leading up to apoptosis, but are not required for the apoptotic process per se. The mitochondria thus may be playing dual roles in the events leading up and modulating sensitivity to a cell's ability to undergo programmed cell death, in the context of specific stimuli or milieu, although the actual effector mechanism may be mitochondria independent. Figure 5 Effects of oligomycin on U937 ATP levels. To ensure the observed phenotype was not due to depletion of ATP levels in rho(7) cells, ATP levels were assessed after treatment with oligomycin (12 mM), for up to 3 h. ATP levels of the rho+ cells did not change during treatment with oligomycin. When expressed as a percentage of parental rho+ cells, the rho(7) and cybrid cells did not differ with regard to ATP levels (P40.10, Student t-test). This suggests that U937 cells, with and without mtDNA, are utilizing glycolysis for the vast majority of ATP synthesis, and that mitochondrial ATP synthesis is not responsible for the current observations No changes were noted in the mRNA expression of MDR1, MRP, BCL2, BAX, ERCC1 or ERCC2 genes in the U937 rho+, rho(7), or cybrid cells. Changes in mRNA expression of these genes in human tumors resistant to cisplatin-induced apoptosis has been noted, with or without cross resistance to other agents (Dabholkar et al, 1992 (Dabholkar et al, , 1994 Miyashita and Reed, 1993; Lim, 1996; Decaudin et al, 1997; Ara et al, 1994; Biedler, 1994; Chan et al, 1995; Goldstein, 1995; Nooter and Sonneveld, 1993; Rodriguez et al, 1993; Parekh and Simpkins, 1996; Chao, 1995) . It has been unclear whether changes in the drug resistance genes MDR1 and MRP and the nucleotide excision repair genes ERCC1 and ERCC2 are mechanistically responsible for changes in cisplatin sensitivity in the studied tissues, or unrelated to the phenotype (Dabholkar et al, 1992 (Dabholkar et al, , 1994 Biedler, 1994; Chan et al, 1995; Goldstein, 1995; Nooter and Sonneveld, 1993; Rodriguez et al, 1993; Parekh and Simpkins, 1996; Chao, 1995) . Our data in U937 cells do not suggest changes in the mRNA expression of these genes play a direct role in sensitivity to cisplatin-induced apoptosis in U937 cells. As well, others have noted that overexpression of BCL2, or modification of the mRNA levels of BAX and BCL2 can change the relative sensitivity of cells to cisplatin-induced apoptosis (Hannun, 1997 , and references therein). We did not observe changes in the levels of these apoptotic genes with changes in sensitivity to cisplatin-induced apoptosis. Hence, downstream events involved in the control of apoptosis from BCL2/BAX may be involved in the changes in sensitivity noted to cisplatininduced apoptosis. This has been hypothesized recently (Susin et al, 1997) .
More recent studies have shown that the mitochondria can be effectively targeted in tumor cells (Ara et al, 1994; Chao, 1995; Oudard et al, 1995; Burger et al, 1995) , and that the agents used have some degree of anti-tumor activity. Indeed, in vitro selectivity of some lipophillic cation compounds to the elevated mitochondrial membrane potentials in cancer cells (as compared to normal tissue counterparts) makes them particularly attractive for use as anti-neoplastic agents (Marchetti et al, 1996a; Oudard et al, 1995; Burger et al, 1995; Sun et al, 1996; Kerr et al, 1994) . It could be hypothesized that treatment of malignant tissues with an anti-mitochondrial agent, to chemosensitize the tumor, followed by more`standard' cytotoxic agents, may be an immediate approach to be investigated, either as initial or salvage therapy. Further studies in the circumvention of resistance to drug-induced apoptosis, by targeting mitochondria in the laboratory and clinical setting, will be interesting to determine the viability of such an approach in cancer therapy.
Materials and Methods Drugs
Cis-diamminedichloroplatinum (cisplatin) was obtained from the manufacturer (Bristol-Myers Squibb Company, Princeton, NJ, USA) and prepared 51 h before use. Ethidium bromide and acridine orange were purchased from Sigma (St. Louis, MO, USA) and used as 10 mg/ ml stock solutions in phosphate buffered saline (PBS), pH 7.4.
Culture conditions
The lymphoma cell line U937 (derived from the plural effusion of a patient with diffuse histiocytic lymphoma) was purchased from ATCC (Sundstrom and Nilsson, 1976) . U937 cells were maintained in RPMI 1640 medium, supplemented with 10% fetal calf serum, 10,000 units of penicillin-streptomycin, 4.5 g/l glucose, 50 mg/ml uridine and 1 mM pyruvate. All culture medium and supplements were obtained from Life Technologies (Gaithersburg, MD, USA). mtDNA-less (`rho(7)') cells without mtDNA were established by incubating rho+ U937 cells with low dose (30 ng/ml) EtBr for at least 30 population doublings (King and Attardi, 1996) . Since EtBr is an inhibitor of mtDNA replication (Wilkie et al, 1983) , during cell growth the initial number of mtDNA molecules is decreased by a factor of two each time the cells divide. Hence, by treatment of cells for 30 doublings, 1/2 30 or 51% of the original number of mtDNA molecules should be present.
Characterization of rho(7) cells
Auxotrophic dependence of EtBr treated cells to uridine is a signature of rho (7) cells, and is a sensitive way to determine the respiratory status and thus the mtDNA content of cells (King and Attardi, 1996) . Cells lacking mtDNA are unable to grow in the absence of pyrimidine and pyruvate. Cells were treated for at least 30 population doublings with EtBr and grown to confluence. Half the cells were transferred to medium lacking either uridine or pyruvate, but otherwise as described, with the other aliquot in complete medium including these supplements. The amount of cells present was assessed using the CellTiter 96 Aqueous Kit (Promega, Madison, WI, USA). The ethidium bromide/acridine orange assay for chromatin condensation was performed as per Schwarz et al. (1995) . At least 400 cells were counted per experiment, which was replicated at least three times.
Drug sensitivity studies
U937 cells (5610 3 ) were distributed into separate wells of a 96-well plate and treated with cisplatin for 1 h; the medium was subsequently removed and cell survival was quantitated using the CellTiter 96 Aqueous Kit (Promega, Madison, WI, USA), following the manufacturer instructions. Data points represent the mean results of at least three different experiments. Significant differences were derived using a two-sided Student t-test.
Cybrid studies
Cybrids of the rho(7) cells were constructed as described (Cavalli et al, 1997) , modified from Chomyn (1996) . Platelets were isolated from normal human blood, resuspended in physiologic saline, and pelleted. 10 6 U937 cells were pelleted, and resuspended in DMEM medium (Biofluids, Rockville, MD, USA) supplemented with 10% fetal calf serum (Life Technologies, Gaithersburg, MD, USA). The resuspended rho(7) cells were then layered onto the platelet pellet, and the entire solution was recentrifuged at 180 g for 10 min at room temperature. After removal of the supernatant, 0.1 ml of a 42% PEG solution (BDH Laboratory Supplies, Poole, England) was added, and the cell/platelet pellet carefully resuspended. The resuspended pellet was then added to 10 ml of rho(7) medium (see above), and a 1 : 10 dilution was made. Cells were plated with progressively higher dilutions into 96-well plates, and incubated in a 378 incubator (95% air/5% CO 2 ) for 3 days. The medium was removed, and uridine free medium added to the cells. Fourteen days later, cells were isolated, and transferred to 35 mm petri dishes with uridine-and pyruvate-free medium. Different clones obtained in this fashion were then tested for the presence of mtDNA by Southern hybridization, restriction pattern of the mtDNA donor and polymorphic nuclear identity of the rho+ cells.
Nucleic acid isolation/hybridization
Dot blots were performed as previously described , using 1 mg of DNA. Densitometry was performed as noted (Liang, 1996a) . Since bulk genomic DNA (nuclear and mitochondrial) was being used, it was assumed that equal loading of DNA samples would reflect the proportion of mtDNA present; hence, reported results are normalized to the b-actin control signal. DNA and mRNA isolation was as described (Liang, 1995) . Probes were labeled using the Prime-aGene kit (Promega, Madison, WI, USA), and blots were constructed as described previously (Liang , 1994) . The MDR1 cDNA probe was a generous gift from Dr. Susan Bates (NCI; Bethesda, MD, USA); MRP cDNA probe was obtained previously (Liang, 1996a) ; the BAX cDNA probe was a generous gift from Dr. Stanley Korsmeyer (Washington University; St. Louis, MO, USA); the BCL2 and b-actin cDNA probes were obtained from the ATCC (Rockville, MD, USA). Probes for ERCC1 and ERCC2 were derived previously . A mtDNA probe (corresponding to mtDNA positions 748 ± 3318) was constructed as noted . Reverse northern analysis was as described (Zhang et al, 1996) . One mg of gene cDNAs was diluted in 200 ml water, and applied to a Hybond N filter, using a slot blot manifold (Stratagene, LaJolla, CA, USA). Total RNA (10 mg) was isolated from cells according to the manufacturer instructions (Invitrogen, Carlsbad, CA, USA) and diluted in 50 ml distilled water. Subsequently, RNA was reverse transcribed using the Riboclone kit (Promega, Madison, WI, USA) according to the manufacturer instructions, in the presence of [a- 32 P]dCTP (5 ml, 3000 mCi/mmol). Labeled cDNA was treated with RNase A (1 mg/ml; 378660 min). Probes were added to each filter in hybridization solution (1 M NaCl, 1% SDS, 10% Dextran sulfate, 50 mg/ml sheared salmon sperm DNA), exposed overnight at 608, and washed in 26 SSC/1% SDS (608) for 30 ± 60 min. Filters were exposed to film between 2 ± 3 days at 7808.
Nuclear and mitochondrial identity
Nuclear and mitochondrial identity were established by using polymorphic markers and differences in restriction pattern from the tumor cell mtDNA and the platelet donor. For nuclear identity, the marker D10S591 (Research Genetics, Huntsville, AL, USA) was used to amplify DNA from the rho+, rho(7), and cybrid populations, as previously described (Kimmelman et al, 1996) . Mitochondrial identity was determined by amplifying a fragment of mtDNA from positions 1546 (5') to 705 (3'), as described (Liang and Hays, 1996) , with subsequent digestion with TaqI. Donor mtDNA has a polymorphism in this non-coding region of mtDNA, with a guanine replacing a cytosine at position 44, creating a TaqI site.
Determination of ATP levels
ATP levels were determined by using Sigma Kit 366 (Sigma, St. Louis MO, USA) according to the manufacturer's instructions. Experiments were performed at least in triplicate.
